Purpose: To retrospectively compare the potential dosimetric advantages of a multichannel vaginal applicator vs. a single channel one in intracavitary vaginal high-dose-rate (HDR) brachytherapy after hysterectomy, and evaluate the dosimetric advantage of fractional re-planning.
Purpose
Intracavitary vaginal brachytherapy can be performed either alone or in combination with external beam radiation therapy (EBRT) for patients with endometrial or cervical carcinomas [1, 2] . Late radiation reactions after high-dose-rate (HDR) brachytherapy are serious concerns, particularly when the patients are young and sexually active. The risk of late reaction depends on the dose received by the nearby critical organs, as bladder and rectum. Dose optimisation is an old concept in brachytherapy practice, but just recently became a topic for extensive study, due to technological advances in both treatment planning systems and 3D imaging possibilities, as computerized tomography (CT) and magnetic resonance (MR).
Recently, the American Brachytherapy Society (ABS) reported the recommendations for adjuvant vaginal HDR brachytherapy after hysterectomy, establishing dose prescription and optimization guidelines, as well as dose fractionation schedules [3] . Although there is a general consensus to treat the upper third of the vagina as a target for this group of patients because the majority of the treatment failures were reported in this region [4, 5] , the choice of optimal applicator type is widely varying [3] .
The most commonly used applicator for intracavitary vaginal brachytherapy is single channel vaginal cylinder. However, due to its radial symmetry of dose distribution, a single channel applicator offers limited possibilities to optimize the treatment plan according to the patient's anatomy. Aiming to improve the capabilities of vaginal brachytherapy, multichannel applicators have been developed. The additional channels at the periphery of the applicator support more conformal dosimetry and amend for the anisotropy generated by a single line source at the vaginal apex [3] . Differential loading of the channels can also potentially reduce the dose to the bladder and rectum, compared with the single channel cylinder.
The purpose of this study is to retrospectively compare, via 3D inverse planning optimization, the potential dosimetric advantages of a multichannel vaginal applicator versus a single channel one, in intracavitary vaginal HDR brachytherapy after hysterectomy. This comparison is made by analyzing dose distributions to target and organs at risk (OARs) volumes.
As the dosimetric and clinical benefits of optimized treatment plans for every fraction are still controversial, we also evaluated the dosimetric advantage of fractional re-planning.
Material and methods
We are reporting the analysed data of 12 patients with endometrial carcinoma, randomly selected and identified as candidates for vaginal vault brachytherapy, according to our current treatment practice. The patients were treated in the Radiotherapy Unit of King Abdulaziz University Hospital, Jeddah, Saudi Arabia, between January 2012 and November 2013.
The patients had either post-operative EBRT (45 Gy in 25 fractions, one fraction per day, five times per week) to the whole pelvis, using four-fields CT-based planning, followed by HDR brachytherapy (12 Gy in 3 fractions, two fractions per week), or HDR brachytherapy alone (21 Gy in 3 fractions, one fraction per week). However, for the purpose of this study we performed all brachytherapy plans with a prescription dose of 21 Gy in 3 fractions. Brachytherapy was performed with Miami 7-channels vaginal applicator (Varian Medical Systems, Palo Alto, CA, USA), of various diameters (3 and 3.5 cm); the applicator has one central and 6 peripheral channels. The peripheral channels produce an asymmetric dose distribution, enabling the treatment plan optimization based on patient anatomy. Patients were requested to evacuate the rectum and bladder just before the applicator insertion. In order to help delineating the bladder and rectum, a 20 cc of Urographine contrast media was injected into the bladder (using Foley's catheter) and 35 cc into the rectum (using a rectal catheter). Computerized tomography images without intravenous contrast were acquired using a Siemens Somatom Emotion CT scanner (Siemens Medical Systems, Erlangen, Germany), with 2 mm slice intervals from the iliac crest to the distal end of the applicator.
Target and organs at risk delineation
The clinical target volume (CTV) and the OARs volumes have been delineated on axial CT images for each patient and each brachytherapy fraction prospectively, at the time of each treatment planning, and reviewed retrospectively by one radiation oncologist, for the purpose of this study. The CTV was a 5 mm expansion of the applicator surface along 5 cm length measured from the tip of the applicator, and cropped from rectum and bladder. Organ at risk volumes included the rectum and bladder. The outer rectal wall was contoured from the recto-sigmoid junction till 1 cm above the anal verge, and the outer bladder wall was contoured till the urethra.
Computed tomography image-based planning was performed in Varian Brachyvision planning system, version 10 (Varian Medical Systems, Palo Alto, CA, USA), for a Varian HDR VariSource iX remote afterloader (Varian Medical Systems, Palo Alto, CA, USA). The dose calculation algorithm is based on the TG-43 formalism, as recommended by the American Association of Physicists in Medicine (AAPM) [6] . The inverse planning optimizer identifies the combination of dwell times that best fulfill the dose constraints of target volume and critical organs. Two treatment plans (for both the central channel and multichannel loadings) were performed for each brachytherapy fraction, such that the dose distribution of the two plans could be compared. All plans were optimized by inverse planning, using multicriterial objectives (dose and time), and the following constraints: 1) for CTV coverage: 95% of the volume to receive 7 Gy and 100% of the volume to receive 6.65 Gy (95% of the prescribed dose, as a minimum); 2) for CTV dose homogeneity: source dwell times to not exceed 300 s for single channel and 100 s for multichannel applicator; 3) for rectum: 2 cc of the volume to receive maximum 4.9 Gy (70% of the prescribed dose); 4) for bladder: 2 cc of the volume to receive maximum 5.6 Gy (80% of the prescribed dose).
All dose constraints were set to have the same priority. Dose distributions and dose-volume histograms (DVHs) from these plans were analyzed, and all plans were evaluated and compared using the following indices: the dose covering 100% of volume (D 100% ) and 95% of volume (D 95% ) for CTV. As a measure of high dose exposure of vaginal mucosa, the dose received by the most exposed volumes 2 cm 3 (D 2cc ) of CTV and plan quality indices, such as dose nonuniformity index (DNR, defined as the ratio of CTV receiving a dose equal to or greater than 1.5 times of the prescribed dose to the volume that receives a dose equal to or greater than the prescribed dose; DNR = V 150% /V 100% ) and the overdose index (OI, defined as the ratio of CTV receiving a dose equal to or greater than 2.0 times the prescribed dose to the volume that receives a dose equal to or greater than the prescribed dose; OI = V 200% /V 100% ). Ideally, both quality indices should be equal to zero. In addition, the dose at 5 mm from the applicator tip was analysed.
For OARs, the doses received by the most exposed volumes of 1 cm 3 (D 1cc ) and 2 cm 3 (D 2cc ), the volume receiving 70% of prescription dose (V 70% ) for rectum, and the volume receiving 80% of prescription dose (V 80% ) for bladder were considered for comparison. The dosimetric advantage of fractional re-planning was also investigated, using inverse planning optimization and multichannel approach. For each patient, we applied the dwell-time values of the first fraction, corrected for the source decay, to the CT-data set of the subsequent fractions, and compared the dosimetric indices mentioned above to the ones generated by fractional re-planning.
The statistical analysis was performed using the Wilcoxon matched pairs test and an in-house software; a p value of < 0.05 was considered significant.
Results
Data of 12 patients who underwent CT-guided vaginal cuff HDR brachytherapy with multichannel applicators and inverse treatment planning optimization were retrospectively reviewed. Due to relatively large size of available vaginal multichannel cylinder diameter (3 and 3.5 cm), not all patients could tolerate the insertion for each fraction, and their treatment was completed using a single channel applicator with smaller diameter. Two patients started the treatment with single channel applicator and, due to unfavourable plan dosimetry of single channel, had subsequent fractions with multichannel applicator, attempting for a better plan optimization. Treatment characteristics are presented in Table 1 .
A total of 22 paired HDR brachytherapy inverse plans were performed and analyzed. Dose distributions and DVHs were generated for the CTV and OARs for both the central channel and multichannel approaches for all 2) . Out of 22 brachytherapy inverse plans, none met all dose constraints for single channel, while 6 (27%) fulfilled all dose constraints for multichannel. Clinical target volume dose coverage was achieved in 2 (9%) single channel and 10 (45%) multichannel plans. Rectum dose limit was attained in 1 (4%) single channel and 10 (45%) multichannel plans, and bladder in 17 (77%) single channel and 21 (95%) multichannel plans.
Rectum and bladder doses are reduced by the multichannel approach. However, limited improvement in the CTV dose coverage was achieved, but DVH analysis showed significant difference in D 95% of CTV between single and multichannel approaches (p = 0.007).
For the OARs, the use of multichannel applicator demonstrated a noticeable dose reduction, when compared to single channel, but statistically significant for rectum only (p = 0.0001). For D 2cc of rectum, an average fractional dose of 6.1 ± 0.7 Gy (95% CI: 5.8-6.4 Gy) resulted for single channel vs. 5.1 ± 0.6 Gy (95% CI: 4.8-5.3 Gy) for multichannel. For D 2cc of bladder, an average fractional dose of 5 ± 0.9 Gy (95% CI: 4.6-5.4 Gy) occurred for single channel vs. 4.9 ± 0.8 Gy (95% CI: 4.5-5.2 Gy) for multichannel.
An increase of dose at 5 mm from the applicator tip of up to 41.3%, as well as an increase of the vaginal mucosa dose of up to 34.3%, was also noted in the multichannel setting. The vaginal dose at 5 mm from the applicator tip was significantly increased (p = 0.001), from a fractional average of 7.8 ± 3.3 Gy for the single channel to about 9 ± 2.6 Gy for multichannel approach. This demonstrates the capability of multichannel applicator to compensate for anisotropy effect. Table 2 summarizes the dosimetric comparison between single and multichannel inverse plans. The dosimetric benefit of fractional re-planning was also investigated, using inverse planning optimization and multichannel applicator, for 7 patients (who had more than one multichannel insertion) and 10 paired brachytherapy plans. The DVH analysis showed large, but not statistically significant differences between first fraction plan and fractional re-planning, for all dosimetric parameters analysed, and are revealed in Table 3 and Figure 3 . Patient with fraction 4 presented outstanding inter-fraction variation and was excluded from statistical analysis, because the large dose differences and small sample size would have been affected the statistical results. While the D 2cc of rectum varied with up to 23.4%, the bladder appeared to be more stable to inter-fraction variations, with differences of D 2cc up to 11.3%. The differences were due to large inter-fraction variations for rectum and bladder positioning, as well as marked inconsistencies in OARs filling, as shown in Figure 4 .
Discussion
Brachytherapy has been a standard component of endometrial carcinoma therapy for over 100 years. As the use of anatomy-based treatment planning for HDR brachytherapy becomes more widely used, systematic methods of dose optimization are important for quality assurance, reproducibility, and respect of the clinical issues. Although the complications rate for vaginal brachytherapy is considerably diminished than for pelvis EBRT, published reports support a need for dose optimization in vaginal brachytherapy [7] [8] [9] [10] . Adapting a HDR vaginal brachytherapy plan to any patient specific anatomy and disease presentation using single channel cylindrical applicators is limited, as recognized by the latest ABS guidelines for adjuvant vaginal cuff brachytherapy after hysterectomy, which recommends custom applicators [3] . If a brachytherapy plan with a single channel applicator delivers unacceptable doses to the rectum and bladder, a multichannel applicator can be considered, as improves the plan dosimetry and compensates for the anisotropy at the vaginal apex [3] .
Among the patients included in this study, 2 started the brachytherapy with single channel applicator and, due to unfavourable dosimetry, decision was made to complete their treatment with multichannel applicator, resulting in a better plan optimization.
The present study evaluated the magnitude of dose sparing to OARs that can be accomplished using a multichannel applicator and 3D CT-based inverse planning. Our results showed a reduction of the rectum and bladder doses, without compromising the CTV coverage. In order to maintain a uniform methodology and unbiased comparison between single and multichannel, we applied the same constraints and priorities to all treatment plans, for the purpose of this dosimetric study. However, in clinical practice, these constraints can be adapted to individual clinical circumstances. With single channel, the inverse planning calculation could produce unacceptable high doses at the applicator tip and the normal tissue above, such as small bowel. The multichannel approach minimizes the effect of anisotropy and significantly improves CTV dose coverage at 5 mm from applicator tip by up to 40% (p = 0.001). Our data revealed also a significant increase of dose to the vaginal mucosa if using a multichannel applicator of about 15% (p = 0.0002), as estimated by D 2cc of CTV. Because the source channels of the multichannel applicator are placed close to the vaginal mucosa, the dose gradient in the radial direction is steep, when compared to a single channel applicator, raising therefore the caution that the mucosal dose is acceptably increased, as recommended by ABS guidelines [3] .
Although defined in interstitial brachytherapy, some plan quality indices such as DNR and OI have been used by several studies reporting intracavitary treatments, in order to assess the high dose within CTV [11] [12] [13] . Gloi et al., analysing the potential of an inflatable multichannel vaginal applicator to optimize the dose distribution in 5 pa tients with endometrial carcinoma, found the values of DNR in the range of 0.1-0.3, and OI of about 0.1, comparable to our data: DNR = 0.26 ± 0.05 and OI = 0.07 ± 0.03 [13] . This value of DNR will result in a homogeneity index (DHI = 1 -DNR) of about 0.74, a bit higher that the value of 0.6-0.7 stated by ABS guidelines for interstitial brachytherapy for vaginal cancer [11] . The result is not surprising: unlike an interstitial implant, where the catheters are in direct contact with vaginal mucosa, the multichannel applicator is able to provide a slightly better dose homogeneity. Nevertheless, DNR and OI values for multichannel are two times higher than for single channel applicator (p = 0.0001).
To date, there are no clear guidelines regarding the acceptable high doses in intracavitary brachytherapy, and inhomogeneous dose distributions are inherently generated. Rather than controlling the high dose inside CTV by dose constraints, that might affect its coverage during inverse planning optimization process, we decided on a multicriterial approach (dose and time constraints), using the active dwell times as hard constraints forced to not exceed 300 s for single channel and 100 s for multichannel applicator, and thus eliminating possible hot spots [14] . 
A B
As shown by other authors, the multichannel vaginal cylinders may provide more conformal dosimetry, by decreasing the dose to the rectum and bladder without a reduction in the target dose, but with the liability of a larger mucosal dose [3, [15] [16] [17] [18] [19] [20] [21] [22] . Using the flexibility of selecting source dwell positions and adjusting dwell times would result in a better shaping of individual dose distributions, compared to a single channel cylinder. An important advantage would be achieved in the specific case of treating vaginal cancer or vaginal recurrences, when the vaginal mucosa will be only partially defined as CTV [16, 20] . Tanderup et al. have previously shown the dosimetric advantage of a 13-channels vaginal cylinder in comparison to a single channel one, in a dosimetric study using point dose optimization [21] . They reported a reduction of the hot spot doses to rectum and bladder of 17% and 16%, respectively, while the vaginal mucosal dose remained the same, and recommended the use of CT-based 3D dose planning to fully exploit the capabilities of a multichannel vaginal cylinder.
The latest ABS report recognizes that, for fixed geometry applicators and assuming that the geometry of implant remains the same for each insertion, although individualized treatment planning for every fraction most accurately documents the actual total dose delivered to the patient, this practice is time consuming, involves technical costs, and may not improve patient outcomes [3] . In the particular case of vaginal brachytherapy alone, the need for routine calculation of the rectal and bladder doses has been questioned; the relatively low dose to organs at risk and the overall low morbidity of brachytherapy should be balanced against the possible risks of repeated Foley catheter insertion [3, 23, 24] .
Several dosimetric studies, describing attempts of anatomically optimized vaginal cuff HDR brachytherapy, also investigated the benefit of fractional re-planning, but with contradicting results for both single and multichannel approaches [16] [17] [18] [19] [20] [25] [26] [27] [28] [29] [30] [31] .
Yaparpalvi et al. analyzed the inter-fraction variations of single channel applicator insertion, as well as the fluctuations in bladder and rectal volumes, which have led to variations of bladder and rectal doses; they concluded that the dose to OARs should be assessed on individual fraction basis [27] . Consequently, each fraction of vaginal cuff brachytherapy should be image-based, in order to achieve an accurate and complete dosimetric assessment of the treatment. However, other investigators stated that the small inter-fraction variation in doses to the bladder and rectum do not support treatment planning and reporting doses to the OARs beyond the first fraction [23, 32, 33] . Small concluded that the need for individualized fraction optimization for single channel vaginal cylinders is yet to be determined [26] .
The OARs dose can vary considerably from fraction to fraction during the course of vaginal cuff HDR brachytherapy. A number of patient-based and technique-based factors, as: changes in bladder and rectum filling, inconsistencies in patient orientation, and differences in cylinder position within the vagina may contribute to this variation [28, 34] . Contouring of critical organs on CT images and 3D dosimetric analysis provide a reliable method to elucidate the nature of these daily geometric variations, despite a large inter-observer variations that has been reported [28, 35, 36] . Siddiqui et al. showed that over a series of patients, such variations result in an increased rectum volume receiving a percentage of the prescribed dose, but over the course of multiple fractions for an individual patient, this effect is dosimetrically averag ed out [28] .
For multichannel approach, the available data are also inconsistent. While Symon et al., analysing 44 paired brachytherapy plans, showed that individual fraction optimization is important, in order to minimize doses to critical structures, Zhou et al. concluded that there is no advantage of re-planning for each fraction, analysing the ICRU 38 points dose for rectum and bladder, in a recent dosimetric study over 9 paired brachytherapy plans and employing manual optimization [17, 25] .
Our data demonstrate a large variation in the rectum and bladder doses, if fractional re-planning is not performed. Image analysis confirmed these findings, showing marked inter-fraction variation in OARs filling and positioning relative to the multichannel applicator. Unlike the single channel applicator, the steep dose gradient in the radial direction exhibited by a multichannel applicator seems to noticeably affect the dose to the nearby OARs, if inter-fraction variations occur. We noticed a reduction of mean values of doses to CTV, concomitant with an increase of rectum and bladder dose in the absence of fractional re-planning. These findings reveal that inter-fraction variations could be detrimental for both the local control and OARs toxicity, and emphasize the importance of image guidance and fractional re-planning, if inverse planning optimization is performed. Nevertheless, the bladder seems to be more stable to inter-fraction variations: the differences of D 2cc being about half of the values for rectum. A possible explanation of this result could be the filling protocol. All patients were requested to empty the rectum and bladder just prior applicator insertion, but voluntarily evacuation of bladder is usually easier than of rectum. The current literature is still lacking studies investigating the effect of inter-fraction variation on 3D inverse planning optimization for a multichannel applicator; therefore a comparison of our results, showing the importance of fractional re-planning, is not currently possible.
The outcome of HDR vaginal cuff brachytherapy relies on choosing the applicator size that would maintain a permanent contact with the vaginal mucosa and most comfortably fit the patient. However, the commercially available multichannel applicators have the minimum diameter of 3 cm, this making them unsuitable for patients with narrow vagina or post-radiotherapy vaginal stenosis. In our clinical practice of HDR brachytherapy, the use of multichannel applicators is often challenging, despite of all our efforts (lubrication of the applicator, patient education, pain medication) to make the insertion and treatment tolerable. Out of 12 patients selected for this study, only 3 (25%) were able to tolerate the insertion for all 3 fractions of brachytherapy.
Pelvic and vaginal radiotherapy may damage the vagina and produce stenosis, shortening and loss of elastici-ty [37] [38] [39] [40] . Although scarcely reported, vaginal stenosis is a common side effect of radiotherapy, occurring in 38% of patients, most often during the first year after treatment, and patients older than 50 years presents the highest risk [37] . Research has shown that maximum dose to the vaginal vault correlates with stenosis grade, and adjuvant chemotherapy before vaginal cuff brachytherapy is associated with subsequent stenosis [39] . In an effort to prevent vaginal stenosis, the use of vaginal dilators has been advocated [40] .
An obvious limitation of the present study is the small number of patients data considered for statistical analysis. Such a small sample size could not be valid if generalized at patient population level, and future studies with large sample sizes are recommended. 3D CT-based vaginal HDR brachytherapy using a multichannel vaginal applicator and inverse planning optimization provides dosimetric advantages over single channel cylinder, by reducing the dose to organs at risk without compromising the coverage of target volume. However, this improvement comes at the expense of an increased vaginal mucosa dose.
For vaginal HDR inverse planning brachytherapy with multichannel applicator, our data show that large inter-fraction dose variations can occur, due to marked differences in rectum and bladder volumes and positions, therefore we recommend individual fraction optimization.
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